The argon fluoride (ArF) excimer laser at 193 nm ablates the ocular tissues with a new order of precision and vir tually no adjacent damage. A glaucoma filtration oper ation has been designed in which small-bore sclerostomies are created using the ArF excimer laser delivered through an open mask. The mask plicates the conjunctiva at the limbus prior to ablation. Removing the mask at the end of the procedure allows the conjunctiva to relax back to its original position, separating the con junctival and scleral wounds. Formal conjunctival dissec tion is thus avoided. Feasibility studies in cadaver pig eyes, using a fluence per pulse of 400 mJ/cm2 and a pulse repetition rate of 20 Hz, indicate that sclerostomies of 300 /lm diameter can be reliably formed if an en-face air jet is built into the mask to raise the pressure in the target area, preventing aqueous flooding. Sclerostomies can be formed without conjunctival dis section by a variety of lasers delivered ab interno, either endoscopically or gonioscopically.9-20 Ab interno delivery is not possible with the 193 nm excimer laser, however, since light at this wavelength is strongly absorbed by the cornea and cannot be delivered endoscopically.
SUMMARY
The argon fluoride (ArF) excimer laser at 193 nm ablates the ocular tissues with a new order of precision and vir tually no adjacent damage. A glaucoma filtration oper ation has been designed in which small-bore sclerostomies are created using the ArF excimer laser delivered through an open mask. The mask plicates the conjunctiva at the limbus prior to ablation. Removing the mask at the end of the procedure allows the conjunctiva to relax back to its original position, separating the con junctival and scleral wounds. Formal conjunctival dissec tion is thus avoided. Feasibility studies in cadaver pig eyes, using a fluence per pulse of 400 mJ/cm2 and a pulse repetition rate of 20 Hz, indicate that sclerostomies of 300 /lm diameter can be reliably formed if an en-face air jet is built into the mask to raise the pressure in the target area, preventing aqueous flooding. Sclerostomies can be formed without conjunctival dis section by a variety of lasers delivered ab interno, either endoscopically or gonioscopically.9-20 Ab interno delivery is not possible with the 193 nm excimer laser, however, since light at this wavelength is strongly absorbed by the cornea and cannot be delivered endoscopically.
An ab externo approach in which conjunctival dissec tion is avoided has been conceived for the formation of small bore (�500 /lm) sclerostomies using the ArF excimer laser. This utilises a modified open mask to pli cate the conjunctiva at the limbus prior to through-and through ablation (Fig. la) . Removal of the mask at the end of the procedure allows the conjunctiva to relax back to its original position, separating the conjunctival wound from the sclerostomy, and allowing a bleb to form (Fig. Ib) .
The development of a viable modified open mask system for excimer laser sclerostomy formation, and the results of ablation in cadaver pig eyes, are described below.
MATERIALS AND METHODS
Cadaver pig eyes stored at 4 °C and used within 12 hours of enucleation were mounted on a vacuum holder. Pro totype masks were attached and aligned with the limbus as described above. The eyes were perfused with a constant pressure head of normal saline through an intravitreal can nula and left to equilibrate at 30 mmHg for 5 minutes prior to ablation. They were then positioned beneath an oper ating microscope, built into the laser delivery system, with a graticule (indicating the beam centre), the secondary aperture and the primary aperture aligned concentrically.
Using a Questek model 2820 ArF (193 nm) excimer laser with a delivery system configured to produce an even distribution of energy across a 1.5 mm rotating beam at the mask surface, ablation then proceeded at a fluence per pulse of 400 mJ/cm 2 and a pulse repetition rate of 20 Hz until penetration had occurred or for a maximum of 5000 pulses. Energy levels were checked prior to each experi mental session as previously described. 2 1 Intraocular pressure was monitored throughout using a Hewlett-Packard 78905A monitor with a pressure trans ducer connected to the anterior chamber via a closed fluid interface through a 27 gauge cannula entering opposite the ablation site.
Following ablation, the eyes were immediately per fused with 1 mI2.5% glutaraldehyde via the intracameral cannula. The eyes were then immersed in 2.5% glut araldehyde for a minimum of 24 hours before examination under a dissecting microscope. Dissected specimens were dehydrated with serially increased concentrations of alcohol and critical point drying prior to evaporative coat ing with gold and carbon. Further examination was then
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performed with a Phillips 505 scanning electron microscope.
The prototype masks were progressively modified to examine the effect of the following air-flow conditions on sclerostomy formation: no air-flow modification, a venturi exhaust system (Fig. 2a) , and an en-face jet (Fig. 2b) . These modifications were designed to lower and raise the pressure within the ablation channel (i.e. the forming sclerostomy) beneath the mask's primary aperture. The pressure conditions generated were recorded using a water filled U-tube manometer with a rubber cuff on the end of one arm which, when compressed against the inferior aspect of the mask, formed an airtight seal allowing a steady-state measurement of the pressure beneath the primary aperture.
RESULTS
Three eyes were ablated with no air-flow modification. Constant seepage of aqueous fluid through the sclera into the ablation site was observed. Bright blue/violet fluor escence within the primary aperture was seen throughout ablation, and progress after 5000 pulses was limited in all eyes to a shallow conical indentation (estimated at less than 20% of scleral thickness) beneath the primary aper ture. These specimens were examined under the dissecting microscope only. Fig. I (a) , (b) The en-face jet system. A jet of sterile air is passed almost directly down through the primary aperture (see arrows) raising the pressure within the ablation channel. Exhaust is through the secondary aperture across which an external current of air is directed to clear ablation products away from the path of the incident beam. Eight eyes were ablated using the venturi exhaust system creating a negative pressure of 95 cmH 2 0 beneath the mask. The primary aperture was 500 11m in diameter. Aqueous seepage into the ablation channel was not observed, and initial progress of ablation appeared to be good with a dark hole forming beneath the primary aper ture. This became lucent in a characteristic manner as the sclerocorneal junction was passed and transillumination through clear cornea emerged like a new moon gradually becoming full. In three eyes, full-thickness perforation occurred after 4410, 2800 and 3610 pulses. This event was marked by the appearance of a fine fluid ejaculate stream ing up the exhaust tube from the primary aperture. In eyes that did not perforate after 5000 pulses, a marked increase in blue/violet fluorescence was noted within the ablation channel at 1000-3000 pulses. Cross-sectional examin ation of the eye in which perforation occurred at 3610 pulses (Fig. 3) revealed a smooth-walled, cylindrical, 500 11m diameter sclerostomy with no apparent damage to the adjacent tissues. At the base, a terraced pattern of transected corneal lamellae was seen stepping down to an eccentrically placed site of full-thickness penetration. Examination of the eyes perforating at 4410 and 2800 pulses from the endothelial side indicated that this site measured 10-15 Ilm in its largest dimension (Fig. 4a) and was surrounded by a zone of endothelial loss beneath the main body of the sclerostomy (Fig. 4b) . Cross-sectional examination of the remaining eyes revealed sclerostomies similar to that illustrated (Fig. 3 ), but without a perfor ation site or a clear terraced lamellar pattern at the base, which included a variable thickness of residual stroma « 100 Ilm) superficial to Descemet's membrane. In one eye ablation appeared to have been arrested much earlier with the transection of an aqueous vein (Fig. 5) .
Twenty eyes were ablated with a mask incorporating an en-face air jet. In the first five eyes, a high positive pres sure (in excess of 150 mmHg) was used. The primary aperture was 500 Ilm in diameter. Ablation followed a similar pattern to that observed for the venturi system, but perforation occurred in all five eyes after 2050-2900 pulses (mean 2380) and was marked by the appearance of an air bubble in the anterior chamber. Examination again revealed smooth-walled sclerostomies but with an exten sive zone of endothelial damage (0.5-2 mm) with splits in Descemet's membrane surrounding the internal ostia (Fig. 6) .
The minimum en-face jet pressure at which fully pen etrating sclerostomies could be obtained was then approximated by ablating five eyes with progressive 10 cmH 2 0 (7.4 mmHg) increments of pressure beneath the 500 Ilm mask commencing at 20 cmHp (14.8 mmHg). All eyes were exposed to 4000 pulses. Examination confirmed that fully penetrating fistulas were obtained where the pressure beneath the mask was 50 cmH 2 0 (37 mmHg) or greater. Ten eyes were then ablated with a positive pressure of 37 mmHg beneath the mask. The primary aperture was reduced to 300 Ilm. Full thickness penetration occurred in all ten eyes, each exposed to 4000 pulses. The moment of perforation was marked by a sudden change in the retroilluminated base of the ablation channel, with or without the appearance of a small air bubble in the anterior chamber. With perforation, intraocular pressure quickly rose to equilibrate with the en-face jet pressure. Cross-sectional examination of three eyes showed 300 Ilm cylindrical sclerostomies with bases truncated obliquely at a variable point by entry into the anterior chamber (Fig. 7a) . There was no apparent adja cent tissue damage (Fig. 7b) , although a fine fibrillar deposit was consistently seen along the lower edge of the cut section (Fig. 7c) . The remaining seven eyes were examined from the endothelial side. Internal ostia were round or oval ( Fig. 8 ) with a smallest diameter varying between 40 and 290 /-lm (mean 188; SD 92). Surrounding endothelial damage was restricted to a maximum radius of 100 /-lm. In many areas the endothelium was intact immediately adjacent to the ostium.
DISCUSSION
The pig eye was used as a test bed because it has similar dimensions to the human eye. In particular, the recess of the anterior chamber angle behind the surgical limbus in the sagittal plane is approximately equivalent. Ablation parameters were chosen with a view to maxi mising the speed of sclerostomy completion whilst main taining the minimal tissue damage zone. A fluence of 400 mJ/cm 2 was selected to produce a relatively high etch depth per pulse without compromising ablation effi- 
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ciency? 2 Significant plasma formation, with associated thermal and mechanical tissue damage, may emerge 22 as ablation efficiency diminishes at fluences greater than 400 mJ/cm 2 . Although pulse repetition rates of up to 30 HZ6 have been used in partial external trabeculectomy, thermal damage may begin to accrue 2 3 with pulse rates in excess of 20 Hz at 400 mJ/cm 2 • The immediate conclusion drawn from initial. attempts at excimer laser sclerostomy formation was that, unless some provision is made for drying the ablation channel during the procedure, progress is quickly arrested by aque ous seeping in and absorbing the incident radiation.
The venturi exhaust system, in which a jet of dry air is passed over the top of the mask's primary aperture, was designed to encourage evaporation of pooled aqueous by lowering the ambient pressure within the ablation channel, and to conduct vapour away efficiently. This was only par tially successful. Slow aqueous pooling during the early stages of ablation appeared to be compensated, but the vacuum later seemed to have the reverse of the desired effect, preventing full-thickness sclerostomy formation by sucking aqueous into the ablation channel.
The opposite approach of raising pressure within the ablation channel using an en-face jet solves this problem. Consistent perforation was obtained where pressure in the ablation channel exceeded intraocular pressure by approximately 10 mmHg. Intraocular pressure was main tained at 30 mmHg to simulate the likely conditions in vivo after attachment of a vacuum mask (placement of the prototype vacuum masks was found to raise the intra ocular pressure by 6-11 mmHg). Use of the minimum en face jet pressure avoids the extensive damage to Desce met's membrane seen where higher pressures are used and the sclerostomy bursts through into the anterior chamber. It also minimises the peak pressure which the eye is exposed to when the sclerostomy enters the anterior cham ber and intraocular pressure equilibrates with the air jet. In vivo, there would be a theoretical risk of introducing infec tion through the air jet at this point; but the sterilising action of 193 nm irradiation 2 1, 2 4 in conjunction with the use of filtered sterile air should minimise this.
For complete penetration in which the internal ostium matches the diameter of the main body of the sclerostomy, ablation for a number of pulses beyond the initial entry is required (since the base of the cylindrical ablation channel is not parallel to the endothelial surface). There might, however, be some advantage in leaving the sclerostomy guarded by a smaller internal ostium to reduce the inci dence of complications associated with excessive aqueous outflow. Further studies are in progress to determine the number of additional pulses required for complete pen etration and the limits of dimensional reproducibility for both guarded and unguarded sclerostomies produced with this delivery system.
Animal models of filtration surgerl5, 2 6 indicate that fibroblast proliferation and cicatrisation in the subcon junctival space is the precipitating event in filtration fail ure rather than internal closure of the drainage fistula itself. This would suggest that sclerostomies considerably smaller than those created in conventional full-thickness filtration procedures might be equally effective in main taining filtration.
Minimising tissue trauma and the stimulus to wound healing may assist in allowing smaller-bore fistulas to remain patent. Using the same contact endoscopic delivery system to create sclerostomies in rabbits with two Fig. 8 . An exeimer laser sclerostomy jiJrmed using a low pressure (50 cmH'o) en�f(lce jet e,raminedfi'om the endothelial side. showing minimal disturhancc to the adjacent cndothelium.
Scale hal' represellls ]00 �m. whereas those created with the XeCI excimer laser at 308 nm (thennal damage zone 50--100 I1m)I�-2() remain patent for up to 4 months. The only clear evidence of dam age to the surrounding tissues observed here using the excimer laser at 193 nm and a mask pressure of 37 mmHg was a variable small « I 00 11m) zone of endothelial loss about the internal ostia. Open mask delivery ah externo allows free escape of the hot expanding gases created during ablation. This contrasts with current contact endo scop ic delivery systems which trap these ablation products within the forming sclerostomy. causing significant secon dary thermal and mechanical damage.2x
Early experience of excimer laser sclerostomy in \'i\'O indi cates that conjunctival plication to separate the cor neal and scleral wounds resulting from through-and through ablation works well. and that functional filtration blebs with a self-sealing conjunctival wound can be formed . Although ablation with the ArF excimer laser is non-haemostatic (because of the absence of adjacent coagulative thermal tissue damage). haemostasis is main tained during the procedure by positive pressure tampo nade from the en-face jet. and the duration of ablation (approximately 4 minutes) exceeds the bleeding time for most of the small vessels transected. Simultaneous coag ulation and haemostasis can be obtained in sclerostomy procedures using other lasers,9.15 but only at the expense of a relatively large zone of thermal tissue damage. Laser mechanisms and delivery systems used in scler ostomy procedures have been extensively revie'wed in an earlier paper. 2 9 Excimer laser sclerostomy theoretically combines the least traumatic laser with the least traumatic delivery system. Accuracy is similarly optimised. Its use in therapeutic and refractive corneal procedures is likely to continue to propagate the availability of the ArF excimer laser in ophthalmic clinics, and current systems could easily be adapted to accommodate this new procedure, which may eventually offer a convenient, atraumatic and reliable alternative to conventional glaucoma filtration surgery.
